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, etc., and x is equal to the molar ratio of M 3+ /(M 2+ + M 3+ ) typically ranges from 0.18 to 0.33 [12] [13] [14] . These materials consist of positively charged, brucite-like octahedral layers and a negatively charged interlayer region containing anions and water molecules. The positive charges generated from the isomorphous substitution of trivalent cations for divalent cations are balanced by interlayer anions that can be exchanged for other anions, giving LDHs a good anion exchange property.
In recent years, a number of studies have reported phosphate removal by different isostructural LDH compounds that prepared with a great diversity in metal precursors (i.e. cation pairs), intercalated anions, and synthesis methods [15] . In general, the most selected divalent and trivalent cations were Mg 2+ , Ca 2+ and Al 3+ , Fe 3+ , respectively, with CO 3 2- and Clas the frequently used intercalated anions [5, 16] . Very few study prepared LDH with NO 3 as the intercalated anion, though this monovalent ion in the interlayer space of the LDHs can be readily exchanged with other anions [17] . In fact, LDHs have the affinity for monovalent inorganic anions in the order of OH ->F ->Cl ->Br -> NO 3 ->I -, and generally have greater affinity for multivalent inorganic anions (e.g. CO 3 2-) compared to monovalent inorganic anions [18, 19] . This was also in correspondence to the higher sorption capacity of Mg-Al-LDH(X) in the order of X: NO 3 -> Cl -> CO 3 2- [20] . In recent years, researches have been made to use LDH for the removal of phosphorus. Super-paramagnetic microparticles modified with LDH were studied as phosphate adsorbers. [21, 22] . Magnetic separation and chemical regeneration of the particles allows their reuse, leading to the successful recovery of phosphate. In another study [23] , Zr 4+ incorporated MgAl -LDHs with different molar ratios of Mg/(Al + Zr) were prepared to assess their uptake behavior toward phosphate ions. The large uptake and high selectivity of the CO 3 -type tertiary LDHs is well explained by complex formation of phosphate ions directly with Zr(IV) centers in the layers.
In the present study, rather than using Zr-incorporated and CO 3 -type tertiary LDHs, a number of NO 3 - and Clintercalated LDHs were prepared using the most common divalent and trivalent metal precursors (Mg 2+ , Ca 2+ , Fe 3+ and Al 3+ ) in order to study the performance of these LDHs in removing phosphate from aqueous solution. As well as the performance assessment, this research investigated the potential of the reuse of these materials for phosphate removal and thereby attempts to enhance the limited knowledge on the synthesis, regeneration and use of LDHs for sustainable phosphate uptake from water.
Materials and experimental procedures

Synthesis of LDH compounds
Based on the combination of divalent (M II : Mg 2+ , Ca 2+ ) and trivalent (M III : Al 3+ , Fe 3+ ) cations such as Mg-Al, Ca-Al, Mg-Fe, Ca-Fe, CaMg-Al and CaMg-Fe, and two drying temperatures (60 and 450˚C), a number of different LDHs were prepared by the coprecipitation method, following a method described in [13] . In this method, one solution 
Phosphate uptake assays
The sorption experiments for phosphate (as total P) uptake were carried out at room temperature in 50 mL screw-top centrifuge tubes by adding various doses of LDH compounds into 25 mL of adsorbate solution with initial total P concentration of 10 mg/L and pH ~7. The mixing of LDH and adsorbate solution was performed by using a rotary shaker (Rotator SB3, Stuart), which was operated at a maximum rotation speed of 40 rpm with the tube holder in 45˚ angular position. After appropriate shaking time, the suspension was immediately centrifuged for phase separation and the supernatant pH was measured. Finally, the supernatant was collected through filtration by using syringe filter (0.45 µm Whatman filter disc), and analysed to determine the residual P concentration. In this way, preliminary sorption runs were conducted to select appropriate LDHs and their dose. Then, to determine the equilibrium contact time of mixing for the selected LDHs, the initial P concentration and solution pH were fixed at 10 mg/L and 7, respectively. Moreover, P adsorption study with selected LDHs was performed under different initial total P concentrations and at various initial pH levels to determine the adsorption isotherms and the effect of pH, respectively.
Partly, sorption studies were also carried out with MAXQ 4450 orbital shaker (Thermo Scientific) at 250 rpm due to its capacity to hold large number of samples, and the reproducibility of the results were checked (within 3% variation) with that obtained by rotary shaker. In summary, the sequence to select the best LDHs for the removal of phosphorus started with screening the type and dose of LDHs, was followed by the kinetics studies of the phosphorus sorption and anion exchange, and then the investigations on the effect of solution pH and start P concentration on the phosphorus removal performance.
Analytical approach
All the pH measurements were carried out with a Hanna checker pH meter and this was calibrated with buffers of 4.0, 7.0 and 9.2 before any measurement. The Ohaus Analytical
Plus balance was used for any weighing purpose, which can measure to the nearest of 0.1 mg.
The P concentration was determined by a UV/vis. spectrophotometer (Jenway 6505) at absorbance 880 nm following the ascorbic acid method [24] . The adsorption capacity (Q e , mg/g) or amount of P adsorbed by the LDH and removal rate (R) of P were calculated from the following relations:
Where C o is the initial concentration of the P (mg/L), C e is the equilibrium or residual P concentration (mg/L), V is the volume of the solution (L) and m is the mass of adsorbent (g). 
Phosphate desorption and regeneration of LDH
Selected LDHs were studied for phosphate sorption-desorption-regeneration cycle. In the first cycle, phosphate sorption was conducted for 18 h in room temperature by mixing LDHs in adsorbate solution of concentration of 10 mg-P/L at appropriate dosage. Then, phosphate saturated LDHs (P-LDH) were separated through filtration and rinsing with deionized water, and subsequently mixed with NaOH at different concentrations to evaluate phosphate desorption ( Fig. S1 in supplementary section). The desorption shaking was run for 20 h using the estimated volume of NaOH required to maintain the same dose in sorption study. Then, supernatant was collected followed by centrifugation and the extent of phosphate release was analysed. After desorption run, the resulting LDHs were separated, washed and regenerated by calcination at 450˚C for 2 h. In this way, the selected LDH was regenerated up to fourth cycle, and the selected desorbent was re-used in the subsequent cycles after used as desorbent in the first cycle.
The sorption rate (R ads ) and desorption rate (R des ) were estimated from the following relations:
where C o : initial concentration of P (mg/L); C (i) : residual concentration of P in the ith adsorption operation (mg/L); Q ads(i) : amount of P uptake in the ith adsorption operation (mg-P/g LDH); Q des(i) : amount of P desorbed in the ith desorption operation (mg-P/g LDH). .
Results and discussion
Screening of LDHs and optimal dose in phosphate sorption
From the preliminary studies with all synthesised LDHs at various doses, it was observed that the adsorption of phosphate on Ca-based (e.g. Ca-Al, Ca-Fe, Ca 1.5 Mg 0.5 -Al, Ca 1.5 Mg 0.5 -Fe) LDHs was appreciably higher than those on Mg-based LDHs. Moreover, LDHs synthesized or calcined at 450˚C were not found to improve the sorption performance The phosphate removal with Ca-based LDHs were 85-99%, whereas the removal with
Mg-based LDHs were <50% under the same operating conditions ( The effect of LDH's dose on phosphate adsorption is shown in Fig. 2 . The optimal adsorbent dose was 0.3 g/L after mixing for 20 h, as with higher dose no significantly higher removal was observed. The corresponding adsorption capacity was 33-34 mg-P/g (Fig. 2 ). In general, Ca-Al-60, Ca-Fe-60 and Ca 1.5 Mg 0.5 -Al-60 LDHs showed comparatively closer phosphate removal performance than that by Ca 1.5 Mg 0.5 -Fe-60 between dose 0.1-0.3 g/L, however, the maximum sorption capacity of 71 mg-P/g was observed on Ca-Al-60. As expected, sorption capacity was decreased with increasing dose, because with increasing dose, the adsorbent mass was increased in the same volume of adsorbate solution while the mass of adsorbate to be sorbed remained same. In other words,. this can be attributed to the availability of surplus or overlapping active sites at higher dosage as observed in other studies as well [5, 16] . In comparison to the optimal adsorbent dose of Ca-based LDHs, Mg-based e.g. Mg-Fe(Cl)-LDHs were observed to require much higher optimal dose as 2 g/L to achieve about 99% removal of phosphate with sorption capacity of 5 mg-P/g. Various synthesized LDHs for phosphate sorption study (adsorbent dose = 0.3 g/L, pH = 7, T = 2 h). 
Effect of contact time and adsorption kinetics
The adsorption as a function of contact time at constant initial concentration ([P o ] =10 mg/L) was conducted with selected LDHs and the results are presented in Fig. 3 . It is seen 
Effect of adsorbate solution pH
The effect of different initial pH values ranging from 3 to 12 on the adsorption of phosphate by selected LDHs is shown in Fig. 4 . It shows that the rate of adsorption for Caand CaMg-based LDHs was almost steady (~98%) in the range of pH between 3.5-10.5
( Fig. 4a) , whereas for Mg-Fe(Cl)-450, it was at pH between 3-7.5. With further increase in pH up to 12.0, there was a steady decrease. This is in conformity with two facts: i) higher pH causes increasing competition for adsorption sites between OHgroups and phosphate species and ii) a higher pH can cause the adsorbent surface to carry more negative charges and thus would enhance repulsive interaction between the adsorbent surface and the anions in solution [16, 19] . Fig. 4b is revealing the strong buffering capacity of the Ca-based LDHs, because the final pH remained about 10.5 for an initial pH range of 3.5-10.5, with no significant changes observed in removal rate for such a wide initial pH range. So, these results are suggesting the applicability of using Ca-based LDHs for phosphate removal under different pH system. 
Effect of initial phosphate concentration and adsorption isotherm
The effect of initial phosphate concentration on its adsorption by selected LDHs was studied at optimum adsorbent dosage (0.3 g/L for Ca-based LDHs and 2 g/L for Mg-Fe(Cl)-450). Generally, removal rate of phosphate decreased with the increase of initial concentration The reason of such reduction in phosphate adsorption can be explained by the lack of available number of active sites that can accommodate increased phosphate species at fixed adsorbent dose [16, 25] .
The study data were used to plot linearly transformed Langmuir and Freundlich 
Physicochemical features of LDHs and their phosphate uptake process
The structural characteristic of the LDHs (before and after phosphate removal) were analysed by the powder X-ray diffraction (XRD) patterns as presented in Fig. 6 . The XRD pattern of the as-synthesized sample Ca-Al(NO 3 )-60 LDH (Fig. 6a ) is similar to those of Cabased layered materials i.e. hydrocalumite, e.g. Ca 2 Al(OH) 6 [16] , so it is believed that there was a formation of amorphous precipitate during P removal. Therefore, P removal by Ca-Al(NO 3 )-60 LDH was predominantly due to precipitation as calcium-phosphate (Ca-P) and this was also reflected from the composition analysis before and after P removal (Table 3 ). These findings of the present study are in conformity with the removal mechanism of Ca-based LDHs for removing different P species in other previous studies [3, 29, 30] . An example of elemental analysis by SEM-EDXs before and after P removal can be seen in Table 3 . Since hydrogen can not be displayed by the SEM-EDXs analysis, the element percentage was modulated to reach to 100 ( Table 3 ). The decreasing portion of nitrogen with increasing phosphorus portion in the used LDH (i.e. P-Ca-Al(NO 3 )-60) could be an indication that anion exchanges between NO 3 and PO 4 3took place. But the significant presence of calcium in the used LDH reveals that calcium-phosphate precipitate was formed during removal process, which is also indicated by the XRD pattern changes before and after phosphate uptake. However, the reduced portion of sodium and aluminium in the used LDH indicates their release into the liquid phase.
Furthermore, the instability of Ca-based LDHs is evident from Table 4 due to the occurrence of major ion release, with 32-53% mass loss for LDHs synthesized with Ca as the only divalent precursor (Ca-LDH). In particular, the release of interlayer anion from all the different LDHs was observed to be dominating as seen from Table 4 , which is expected due to the anion exchange properties of LDHs. However, this release was observed to be much higher from LDHs intercalated only with NO 3 than LDHs intercalated with Clor both Cland NO 3 -. Since nitrogen release into surface water bodies is not either expected as phosphorus, so it can be suggested that NO 3 may not be suitable to be intercalated with LDHs particularly when considering their application for wastewater treatment. It was noticeable that ion release or mass loss was reduced in case of Ca 1.5 Mg 0.5 -Fe(Cl)(NO 3 ) and
Mg-Fe-LDHs. For example, Mg-Fe(Cl)-LDHs showed the lowest ion release tendency as seen from Table 4 . This might be related to the presence of divalent cations i.e. Ca, Mg in the composition of LDHs, because Ca-LDHs have tendency to be more dissolute in the liquid phase than LDHs synthesized with Mg or both Ca and Mg as divalent precursor due to the higher solubility product of Ca(OH) 2 (Ksp= 5.0210 -6 ) than Mg(OH) 2 (Ksp= 5.6110 -12 ) [30] . So, the above findings again confirming that released Ca 2+ from Ca-based LDHs is readily available to precipitate with phosphate, and the dissolution phenomena of Ca-LDH is responsible for losing LDH structure after P removal. However, it is believed that the layered structure can be retained in Ca-based LDHs when synthesized with both Ca and Mg as divalent precursors, as reflected from less ion release nature (Table 4 ) and regeneration capacity (described in section 3.7) of Ca 1.5 Mg 0.5 -Fe(Cl)(NO 3 )-LDH. So, the P uptake process on this LDH is expected as a combination of anion exchange and precipitation, which was also observed in some previous studies [29, 30] .
Desorption and regeneration
To select appropriate desorbent solution, different concentrations of NaOH were evaluated based on the desorption rate of P from P-LDH as shown in supplementary Fig. S1 However, in the preliminary trials, NaCl and combination of NaCl and NaOH were also evaluated at different concentrations (5-20%). But the P desorption rate with NaCl based solution was very lower compared to that of NaOH alone under the same concentration range. Then, according to the increasing desorption trend as seen in Fig. S1 , 20% and 4% of NaOH were selected as desorbent solution to be used by Ca 1.5 Mg 0.5 -Fe(Cl)(NO 3 )-450 and
Mg-Fe(Cl)-450, respectively, for regeneration studies. No previous studies were conducted on the desorption-regeneration performance of Ca-based LDHs; however, in a study with Zn-Al-300 LDH, Cheng et al., [26] also observed higher desoprtion rate of P with increasing concentration of NaOH. But in their study 5% NaOH was adequate to achieve P desorption rate of about 88%, although further increase in concentration up to 20% NaOH could desorb P about 91%. The poor desorption rate observed by NaCl in this study is also in conformity with others [26, 31] , and it was reported that such a lower desorption rate by NaCl is expected due to the relatively low affinity of Clwith LDH compounds. But it is to be noted that LDHs can dissolute more with increasing concentration of NaOH, i.e. more ions can be released into liquid phase as observed in [26] . In spite of this phenomena, 20% NaOH was used in this study for consecutive regeneration cycles with Ca 1.5 Mg 0.5 -Fe(Cl)(NO 3 )-450. (Table   S3 in supplementary section). It can be mentioned that further ion release was below 1% after first regeneration. So, this is clearly demonstrating the better stable nature of Mg-based LDH than CaMg-based LDH. Since Mg-based LDHs were observed to require much higher optimal dose than Ca or CaMg-based LDHs in order to achieve similar P removal rate (as described in section 3.1), then it is expected that P removal rate with CaMg-based LDH in the subsequent regenerations will decrease. Therefore, Mg-based LDHs can be the potential choice for further investigation when regeneration and reuse of LDHs is concerned. 
Conclusions
The results of the present study indicate that Ca-based LDHs Al)-based LDHs showed much high dose required to achieve above 90% phosphate uptake.
The adsorption kinetics of phosphate uptake by the selected Ca-, Mg-and CaMg-based Table 4 Analysis Table 5 Analysis of ions in the supernatant after adsorption-desorption operation. 
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